A low-oxygenic niche in bone marrow limits reactive oxygen species (ROS) production, thus providing long-term protection for hematopoietic stem cells (HSCs) from ROS stress. Although many approaches have been used to enrich HSCs, none has been designed to isolate primitive HSCs located within the lowoxygenic niche due to difficulties of direct physical access. Here we show that an early HSC population that might reside in the niche can be functionally isolated by taking advantage of the relative intracellular ROS activity. Many attributes of primitive HSCs in the low-oxygenic osteoblastic niche, such as quiescence, and calcium receptor, N-cadherin, Notch1, and p21 are higher in the ROS low population. Intriguingly, the ROS low population has a higher self-renewal potential. In contrast, significant HSC exhaustion in the ROS high population was observed following serial transplantation, and expression of activated p38 mitogen-activated protein kinase (MAPK) and mammalian target of rapamycin (mTOR) was higher in this population. Importantly, treatment with an antioxidant, a p38 inhibitor, or rapamy-cin was able to restore HSC function in the ROS high population. Thus, more potent HSCs associated with the lowoxygenic niche can be isolated by selecting for the low level of ROS expression. The ROS-related signaling pathways together with specific characteristics of niche HSCs may serve as targets for beneficial therapies. (Blood. 2007;110: 3056-3063) 
Introduction
Stem cells have a unique mechanism to cope with the cumulative reactive oxygen species (ROS) load, which involves increased antioxidant defenses and unique redox-dependent effects on growth and differentiation. [1] [2] [3] [4] [5] Hematopoietic stem cells (HSCs) and the supporting cells of the stem-cell niche are predominantly located in a low-oxygen milieu of the bone marrow, which allows long-term protection from ROS-related oxidative stress. 4, 6, 7 In the osteoblastic niche, the lowest end of an oxygen gradient within the bone marrow, 6, [8] [9] [10] HSCs remain quiescent and in contact with osteoblasts, 11 whereas in the relatively more oxygenic vascular niche, due to the proximity to blood circulation, stem cells actively proliferate and differentiate, [12] [13] [14] [15] which might increase the intracellular ROS level. 1 In the osteoblastic niche, the calcium-sensing receptor (CaR) plays a critical role in localizing HSCs to the endosteal surface, although it does not affect HSC homing, 16 and osteoblast-derived factors have been suggested to improve survival of umbilical cord-derived HSCs under hypoxic conditions. 10 HSCs have been enriched using a variety of techniques, including cell-surface antigen selection, 17 elutriation, 18 pharmacologic manipulation, 19 and supravital dye, 20 as well as intracellular enzyme content. 21 However, none of these methods was designed to isolate quiescent HSCs located within the osteoblastic niche, which is generally considered to house the most primitive HSCs. 6, [8] [9] [10] [11] 14, 22, 23 Since it is difficult to experimentally access viable cells within the osteoblastic niche, these HSCs have not been directly or indirectly isolated by taking advantage of any of the specific properties of the niche microenvironment, such as ROS activity. Recent studies showed exhaustion of HSCs in Atm-or FoxO-deficient mice. 24, 25 Interestingly, HSCs derived from these mice had increased ROS levels. 25, 26 Thus, we hypothesized that the level of intracellular ROS may increase with proliferation or differentiation of hematopoietic cells during the very early steps of commitment (ie, activation and mobilization of cells within the long-term engrafting HSC [LT-HSC] subsets in the niche). To test this hypothesis, we took advantage of differences in the intracellular ROS level to enrich ROS low-and high-HSC populations. Our results show that the ROS low population has a higher self-renewal activity than the ROS high population both in vitro and in vivo. Importantly, a significant exhaustion of HSCs in the ROS high subset was observed following the third serial transplantation, the hallmark assay for stem-cell self-renewal. The differentiation pattern in mice that received transplants of ROS high cells was skewed in favor of myeloid differentiation comparable to that seen in aged mice. Treatment with an antioxidant, a p38 inhibitor, or a mammalian target of rapamycin (mTOR) inhibitor was able to restore functional activity of HSCs in the ROS high population, which expressed high levels of activated p38 mitogen-activated protein kinase (MAPK) and mTOR. The ROS high population also showed a decreased ability to adhere to osteoblast-produced matrix components compared with the ROS low subset. The ROS low population showed many characteristics of HSCs located within the osteoblastic niche, including quiescence and high expressions of the CaR, Ncadherin, Notch1, Bcrp, Telomerase (TERT), and p21. Our data show that the more primitive and potent, low-oxygenic nichederived HSCs can be indirectly isolated based upon their low level of intracellular ROS expression, and these studies provide potential mechanism(s) for early steps of activation, differentiation, and eventual exhaustion of the HSCs residing outside the osteoblastic niche (ie, the ROS high population).
Materials and methods

Mice and bone marrow cell isolation
Male C57Bl6/NCR (Ly 5.2-CD45.1) mice and female congenic mice for the CD45 locus (CD45.2) were used. Bone marrow cells were obtained by flushing tibias and femurs with ␣-MEM medium using a 25-G needle. The red blood cell (RBC)-lysed marrow cells were then depleted of lineagepositive cells 4 times at 4°C with rat anti-mouse monoclonal antibodies against markers CD11b (macrophage/monocyte), Ly-6G and Ly-6C (granulocyte), CD45R (B lymphocyte), CD5 or CD3e (T lymphocyte), TER-119 (erythroid cells), and 7-4 (neutrophils), and selected for CD45 ϩ cells using magnetic sorting (Stem Cell Technologies, Vancouver, BC). We loaded samples with 5 M DCF-DA (2Ј-7Ј-dichlorofluorescene diacetate; Molecular Probes, Carlsbad, CA) and incubated them at 37°C for 15 minutes. Before fluorescence-activated cell sorter (FACS) sorting, the cells were stained with Annexin V (AnV) to select for viable cells. AnV ϩ cells were usually 15% to 29% of Lin Ϫ CD45 ϩ cells. CD45 antibodies were purchased from Pharmingen (San Diego, CA). For some experiments, we administered NAC (N-acetyl-L-cysteine) orally (1 mg/mL in drinking water). Animal experiments were approved by the Johns Hopkins University animal care committee.
Colony-forming assay and LTC-IC assay
We performed methylcellulose colony-forming assays with methylcellulosecontaining medium M3434 (Stem Cell Technologies). For long-term cultures (LTCs), we cocultured 100 to 1000 cells with 3 ϫ 10 4 stromal cells in Myelocult 5300 (Stem Cell Technologies) and 1 M hydrocortisone. After 6 weeks of culture, we quantified LTC-initiating cell (LTC-IC) frequency. 24 For some experiments, 100 M NAC (Sigma Chemical, St Louis, MO), 10 M p38 MAPK inhibitor (SB203580), 10 M Jun N-terminal kinase (JNK) inhibitor (SP600125), 10 M MAPK-extracellular signal-regulated kinase (MEK) inhibitor (U0126) from Biosource (Camarillo, CA) and 1 M rapamycin (Calbiochem, San Diego, CA) were added for 2 days in the LTC.
Competitive reconstitution assay
We transplanted male CD45.1 cells into lethally irradiated (1050 cGy from a ␥ cell small-animal irradiator; Atomic Energy, Kanata, ON) female C57Bl6/NCR (Ly 5.1) CD45.2 congenic mice, in competition with 2 ϫ 10 5 bone marrow mononuclear cells from female CD45.2 mice. A total of 2 independent experiments were performed with 10 to 2500 cells, and 10 mice for each dose were used as recipients. We monitored reconstitution of donor myeloid and lymphoid cells by staining blood cells with antibodies against CD45.1, CD45.2, CD3e, B220, Mac-1, and Gr-1.
Serial transplantation analysis
We collected CD45.1 ϩ male donor-derived cells from 3 recipient CD45.2 ϩ female mice 16 weeks after the first bone marrow transplantation (BMT) and pooled them. A total of 2 ϫ 10 5 CD45.1 cells from primary recipient marrow were cotransplanted with 2 ϫ 10 5 CD45.2 marrow cells to lethally irradiated secondary recipient CD45.2 female mice. At 16 weeks after transplantation, 2 ϫ 10 5 CD45.1 cells from secondary recipient marrow were cotransplanted with 2 ϫ 10 5 CD45.2 cells to lethally irradiated tertiary recipient CD45.2 female mice. A total of 5 to 10 mice from each group were used as recipients.
Flow cytometric analysis
For flow cytometric analyses, we used monoclonal antibodies specific for the following: c-Kit (2B8), Sca-1 (E13-161.7 or D7), B220 (RA3-6B2), CD3e (145-2C11), TER-119, Gr-1 (RB6-8C5), CD34 (RAM34), Mac-1 (M1/70), phosphorylated p38 (BD Biosciences, San Jose, CA) and mTOR and Bcrp (Abcam, Cambridge, MA). The cells were incubated with either rat-or mouse-derived anti-CD16/32 (BD Biosciences, San Jose, CA; and Caltag, Carlsbad, CA) before primary antibody incubation. Antibody for CaR was from Chemicon international (Temecula, CA), N-cadherin was from Cell Signaling Technology (Danvers, MA), and TERT was from Calbiochem. For cytoplasmic and nucleus antigens, 2% PFA fixed cells were permeabilized with either 0.2% Tween 20 for 15 minutes in 37°C or 90% methanol on ice and incubated sequentially for 30 minutes to overnight with primary antibodies. The cells were washed twice and stained with secondary antibodies for 30 minutes before measuring fluorescence using a FACSCalibur (BD Biosciences).
Western blot
After the FACS sorting, total proteins from different cell populations were obtained using PARIS Protein and RNA isolation kits (Ambion, Austin, TX) according to the manufacturer's protocol. Aliquots of protein extracts were loaded onto 4% to 20% Criterion Precast Gel (Bio-Rad, Hercules, CA). After electrophoresis and transfer onto Hybond-P membrane (Amersham Biosciences, Amersham, United Kingdom), Notch1, p53, and p16 were blotted, respectively, followed by ␤-actin to confirm equal protein loading. The antibodies used were a 1:200 dilution of rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) and a 1:5000 dilution of actin (Promega, Madison, WI). The blots were visualized using ECL Western Blotting Detection Reagents (Amersham Biosciences).
Cell-cycle analysis
To analyze the cell-cycle status by Pyronin Y (PY; Sigma) staining, cells were first stained with 7-AAD (BD, San Diego, CA) at room temperature (RT). After 20 minutes, 1 g/mL PY was added, and cells were incubated on ice for 10 minutes. Then the cells were analyzed using FACSCalibur.
Quantitative PCR
Total RNAs were isolated using RNeasy (Qiagen, Hilden, Germany), followed by DNA-free (Ambion) treatment to get rid of residual DNA contamination. A total of 0.5 g RNA was used for first-strand cDNA synthesis using Superscript First Strand Synthesis system (Invitrogen, Carlsbad, CA). Taqman Gene Expression Assays, Assay Mm00432448_m1 for p21, and Assay Mm00607939_s1 for ␤-actin control were purchased from Applied Biosystems (Foster City, CA). Platinum Taq polymerase were purchased from Invitrogen; all other reagents were from Applied Biosystems. Quadruplicates of the reaction were performed in a GeneAmp 7700 sequence detection system (Applied Biosystems) using the following program: 1 cycle at 95°C for 3 minutes and 45 cycles at 95°C for 15 seconds and 60°C for 60 seconds. The Ct values were exported into Microsoft Excel program (Redmond, WA) for further analysis.
Cell adhesion assay
Isolated cells were plated on plates coated with fibronectin, laminin, collagen IV or collagen I (BD Biosciences, Bedford, MA). Cells were allowed to adhere for 3 hours at 37°C under 5% CO 2 in a humidified atmosphere. 16, 27 Each well was washed 5 times with PBS and fixed with methanol for 5 minutes. Cells adhered to the matrices were quantitified microscopically.
Statistical analysis
Results are expressed as means plus or minus standard error of the mean (SEM). Data were analyzed with the unpaired Student t test. A P value less than .05 was considered significant.
Results
Isolation, self-renewal, and differentiation of the ROS low and ROS high subsets
We selected ROS low and high populations from Lin Ϫ CD45 ϩ AnV Ϫ marrow cells by staining with DCF-DA as an intracellular ROS indicator. DCF-DA is a unique probe to identify viable cell ROS activity: it permeates cell membranes, is deacetylated by intracellular esterase, and becomes fluorescent upon oxidation. We collected a CD45 ϩ population that had been lineage depleted 4 times by magnetic beads, which resulted in a 2% recovery of marrow cells ( Figure 1A ). Then, AnV staining was performed to remove apoptotic cells, and we selected ROS low (Ͻ 0.2% of whole marrow) and ROS high populations (Ͻ 0.2% of whole marrow) by FACS sorting from the CD45 ϩ Lin Ϫ AnV Ϫ cells ( Figure 1A ). These percentages of whole marrow are comparable to the percentage of long-term (LT)-HSCs isolated by other methods. [17] [18] [19] [20] [21] However, it must be pointed out that we were attempting to use differential ROS activity to characterize and isolate HSCs, and not the other way around.
To investigate whether the level of intracellular ROS correlated with stem-cell capabilities such as the self-renewal and differentiation in vitro, these populations were cultured for LTC-IC assays and colony-forming cell assays. The ROS low population showed higher self-renewing activity and contained more LTC-ICs than the ROS high population ( Figure 1B ; Table 1 ). However, the progenitor frequency in the ROS low population was similar to that of ROS high cells ( Figure 1B ). The ROS low population generated more erythroid colonies and colonyforming unit-granuloycte-erythrocyte-monocyte-megakaryocte (CFU-GEMM), whereas the ROS high population gave rise to more myeloid than erythroid colonies ( Figure 1B) .
To evaluate the long-term engraftment potentials of cells in the ROS low and ROS high populations, we performed a competitive repopulation assay ( Figure 1C ). We transplanted CD45.1 male cells into lethally irradiated CD45.2 female recipients (10 mice at each cell dose) and analyzed peripheral blood at indicated time points for donor cell engraftment by costaining with CD45.1 and CD45.2. All the ROS low cell groups showed continuously increasing percentages of donor cell engraftment up to 32 weeks after transplantation and a sustained level of engraftment from 16 weeks onward. In contrast, the ROS high cell groups showed similar engraftment to the ROS low cell groups after transplantation for the first 8 weeks, but eventually the level of engraftment gradually decreased ( Figure  1C ). All of the mice that received transplants of ROS low cells showed multilineage engraftment (ie myeloid, B-, and T-cell differentiation) at every time point ( Figure 1D ). In contrast, 20% of mice that received transplants of ROS high cells did not show T-cell lineage engraftment ( Figure 1D ), suggesting that this population contains cells that are less multipotent. By differential analysis, we also found a myeloid-biased differentiation for those mice that received transplants of ROS high populations that did demonstrate multilineage long-term engraftment: At 32 weeks after transplantation, the ROS low cell groups showed about 76% lymphocytes (B cell, 65%; T cell, 11%) and 22% myeloid cells, a similar pattern to that of normal mice that did not undergo transplantation, whereas the group that received ROS high cells showed 46% lymphoid Values represent the means plus or minus the SEM. R2, etc, are as in Figure 1. (B cell, 40%; T cell 6%) and 52% myeloid cell differentiation in the peripheral blood ( Figure 1D ). This altered repopulating activity and shift in differentiation pattern in the group that received ROS high cells is comparable to the phenomena seen in aged mice that have been reported to contain decreased per-cell repopulating activity and myeloid skewing of differentiation. 28
Association of the ROS low subsets with properties of the osteoblastic niche-derived HSCs
We compared the ROS low and ROS high subsets for several known characteristics of HSCs associated with the osteoblastic niche. The first, CaR expression, which is important for HSC localization to the endosteal niche, 16 was indeed elevated in ROS low cells compared with ROS high cells (Figure 2A ). Calcium ions are required for N-cadherin, which has been shown to be expressed in an HSC population within the osteoblastic niche, 11 to form an adherent junction between HSCs and the niche. 15 The expression of Ncadherin was higher in the ROS low population than the ROS high population (Figure 2A) . Also, the expression of an ATP-binding cassette transporter, Bcrp, known to protect stem cells from exogenous and endogenous toxins and to have elevated expression within low-oxygen environments, 29 was higher in the ROS low cells. TERT activity, but not the length of telomeres, has been reported to be associated with the self-renewal potential of HSCs in mice. 30 We observed that TERT expression was higher in the ROS low population than the ROS high population (Figure 2A ). Low oxygen has been reported to inhibit mTOR and its downstream targets, and prevent cell senescence. 31 mTOR is a major nutrient sensor that regulates the proliferative signaling pathways, and the activation of mTOR has been implicated in HSC division and proliferation via PTEN loss-induced AKT activation. [32] [33] [34] mTOR expression was detected at a greater frequency in the ROS high population than the ROS low population (Figure 2A) , indicating that the ROS high population may contain more proliferating HSCs compared with the ROS low population. The level of Notch1, which maintains the quiescence of HSCs through interaction with Notch ligand in the osteoblastic niche, was higher in the ROS low population compared with the ROS high population ( Figure 2B ). Severe or extended stress induces activation of p53 and leads to expression of pro-oxidant, elevated levels of ROS, and cell death. 35 However, a recent report showed that a low level of p53 had an antioxidant effect in normal tissues in the absence of stress, and that p53 decreased intracellular ROS to protect the genome from oxidative damage. 35 In the present study, p53 protein expression was detected at a low level in the ROS low population, whereas it was not detected at all in the ROS high cells ( Figure 2B ). This may suggest that p53, acting as an antioxidant in the ROS low cells, contributes to the low level of ROS activity in this population. p16Ink4a has been reported as a biomarker of aging 36 and is associated with HSC-repopulating defects in aged mice. 28 We also observed that p16Ink4a was slightly up-regulated in the ROS high population ( Figure 2B ).
Elevated ROS has been shown to block HSC quiescence. 26 Therefore, we measured the cell-cycle activity of the ROS low and ROS high populations ( Figure 2C ). The proportion of cells in G 0 phase in the ROS high population, as evaluated by PY staining, was also markedly lower than that seen in ROS low cells, supporting the idea that the ROS low population contained more quiescent LT-HSCs and the ROS high population contained more activated LT-HSCs. We further confirmed the quiescence of the ROS low population using quantitative polymerase chain reaction (PCR) to detect the expression of p21, which has been known to preferentially express in slow-cycling HSCs 37 ( Figure 2C ). Decreased expression of Cdkn1a, which encodes the cell-cycle inhibitor p21, is associated with loss of HSC function. 38 The ROS low population showed a slightly higher p21 expression consistently ( Figure 2C) . A certain level of p21 mRNA in the ROS high population might be explained by high ROS-induced p21, which is related to cell senescence, or the presence of some nonactivated LT-HSC subsets within the ROS high population. Taken together, the higher Notch1 expression ( Figure 2B ), cell-cycle analysis, and higher p21 mRNA expression all support the hypothesis that the ROS low cell population is characterized as a population enriched for slowcycling LT-HSCs ( Figure 2C) .
HSCs have been enriched by cell-surface marker expression patterns, and CD34 Ϫ Lin Ϫ Sca ϩ cKit ϩ (CD34 Ϫ LSK) cells have been characterized as LT-HSCs. To determine whether the ROS low population can also be enriched by these surface markers, we examined the cell-surface phenotype of the ROS low and ROS high populations ( Figure 2D) . Unexpectedly, the ROS low and ROS high subsets contained virtually equal numbers of cell-surface markerdefined LT-HSCs. Therefore, the ROS low population might represent an overlapping yet distinct subset of LT-HSCs compared with the CD34 Ϫ LSK cells. This may also suggest that LT-HSCs isolated by standard protocols represent both osteoblastic niche-located LT-HSCs and activated/divided LT-HSC subsets in other locations.
Exhaustion of HSCs during serial transplantation of the ROS high population and the decreased adherence to the specific niche components
To compare the in vivo self-renewal activity of ROS low and ROS high populations for the presence of a more primitive LT-HSC, we performed sucessive serial transplantation studies with donorderived cells from primary reciepients of ROS low or ROS high cells at 16-week intervals after transplantation. CD45.1 ϩ donor-derived cells from the primary recipients' marrow were cotransplanted with competitor cells into lethally irradiated secondary recipients. We observed that the ROS high population derived cells had a reduced capacity to serially rescue transplant recipients when compared with those of the ROS low population ( Figure 3A) . The difference reached a highly significant level after the third transplantation, and there were no CD45.1 ϩ donor cells detectable at 16 weeks after the third transfer in mice that had received ROS high population-derived cell transplants ( Figure 3B ). This result is likely to be associated with the exhaustion of the activated LT-HSCs within the ROS high population during these successive transplantations. The pattern is similar to the declined serial-repopulating capacity of HSCs in aged animals. 39 This is also consistant with the data in Figure 1 , suggesting a gradual graft loss in the ROS high population.
To assess whether this defect in long-term engraftment and self-renewal potential of the ROS high population may be caused by a lack of CaR-dependent adherence of those cells to the osteoblastic niche, we performed cell-adhesion assays. 16, 27 We found a decreased ability of the ROS high population to adhere to an extracellular matrix (ECM) component, collagen type I, which is most plentiful in bone produced by osteoblasts 16 (Figure 3C ). Within the ROS low population, CaR ϩ cells compared with CaR Ϫ cells showed higher adhesion for the ECM molecules, collagen I, and laminin, as well as fibronectin, which is known to promote osteoblast proliferation and to bind to osteoblasts more strongly than other ECM proteins. 40 However, CaR Ϫ cells did not show this defect in adhesion to an ubiquitous ECM molecule, collagen IV. Therefore, the CaR is likely to be partly responsible specifically for proper adhesion to the osteoblastic niche and the self-renewal function in the ROS low population.
Mechanisms of HSC activation and exhaustion
It has been recently reported that the activation of p38 MAPK, in response to elevated ROS, resulted in defects in HSC self-renewal function. 26 Phosphorylated p38 assays revealed the ROS high population contained a significantly higher number of activated p38 ϩ cells ( Figure 4A ). This suggests that ROS-p38 MAPK activation might contribute to the self-renewal dysfunction we observed in the ROS high population in vivo and in vitro. Therefore, we hypothesized that treatment with antioxidant, pharmacologic inhibition of the p38 or mTOR pathways, which was shown to be activated in the ROS high population (Figure 2A) , should restore the HSC self-renewal activity. Indeed, the antioxidant NAC, the p38 inhibitor SB203580, or the mTOR inhibitor rapamycin each restored LTC-IC activity in the ROS high population ( Figure 4B ), suggesting that activating p38 MAPK and mTOR contributes to stem-cell dysfunction in the ROS high population. In comparison, the JNK inhibitor SP600125, or the MEK (upstream of extracellular signalregulated kinase [ERK]) inhibitor U0126 did not restore the LTC-IC activity in the ROS high population ( Figure 4B ). Levels of intracellular ROS in marrow cells from mice treated with NAC for 20 weeks were lower than those seen in control mice. Treatment with NAC decreased the ROS high population (in the range of 20%-60%) and decreased p38 and mTOR activity, which were activated in the ROS high cells (Figures 2A, 4A ), compared with control mice ( Figure 4C,D) . However, this was not observed with shorter-term treatment (not observed at 8 weeks and not significant due to high variability at 12-16 weeks; data not shown), suggesting that high ROS levels and related signal pathways can be partially decreased only by long-term antioxidant treatment in vivo.
Discussion
Our study revealed that it is possible to functionally enrich for primitive HSCs which reside within the low-oxygenic, osteoblastic niche using the differential activity of intracellular ROS. The ROS low population is characterized as less-activated long-term self-renewing HSCs that express CaR, N-cadherin, Notch1, p21, p53, Bcrp and TERT, and exhibit a higher G 0 activity ( Figure 5 ). These properties support the idea that the ROS low population might be more enriched for the quiescent HSCs physically located in the osteoblastic niche. It is important to note that this diagram ( Figure 5 ) may not precisely reflect the relationship between the ROS high HSC subsets and the vascular niche due to the current lack of knowledge of vascular niche specific markers relative to the accumulated evidence of markers for the osteoblastic niche. 4, 10, 11, [14] [15] [16] 22, 23, [41] [42] [43] [44] [45] We found that the ROS high subset, which may be differentially located in the more oxygenic vascular niche relative to the osteoblastic niche, 4,7,14 expressed higher mTOR and activated p38 MAPK (Figures 2A,4A) . These results may provide the opportunity to search for vascular niche HSC-related markers in the future. However, whether the ROS level is mainly determined by niche location (ie, oxygen gradient) or cell-intrinsic activation status remains a question to be further investigated. When comparing the properties of HSCs in the osteoblastic niche and the vascular niche ( Figure 5) , it is possible that the HSC status in the vascular niche represents at least an activation event, which may be responsible for the exhaustion of activated LT-HSCs during self-renewal and proliferation ( Figure 3A,B) concomitant with increased and altered differentiation events ( Figure 1D ). We therefore propose that the metabolic activation state of HSCs initiated by moving to a more oxygenic microenvironment within the niche affects the physiologic capacity of these cells to self-renew and differentiate. Since the abnormal differentiation pattern ( Figure 1D ) and decreased serial-repopulating capacity ( Figure 3B ) in the ROS high population showed a similarity to those in aged animals, 28, 39 we examined aged mice marrow for the intracellular ROS activity. The hematopoietic cells from aged mice showed approximately a 25% decrease in the ROS low population compared with young mice, although there was only a slight increase (approximately 5%) of the ROS high population from the aged mice ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Therefore, in the aged mice, the decreased ROS low population rather than an increased ROS high population could be responsible for the declined repopulating activity and myeloid differentiation skewing.
It could be possible that the ROS level changes from ROS low to ROS high or vice versa immediately upon harvesting the marrow cells when they are suddenly exposed to higher oxygen; however, we observed that the level of ROS was stable during the isolation time period in both populations regardless of the presence of verapamil. Both ROS low and ROS high populations increased their ROS levels 6 weeks after culture; however, the level of ROS in the ROS low population remained at least 20% lower than that seen in the ROS high population (data not shown). Our study used the difference in intracellular ROS levels as a tool for isolating primitive HSCs within the niche. It was not our intention to study the effect of hypoxia on stem-cell function because pathologic hypoxia or ischemia cannot be directly compared with a physiologically low-oxygenic environment in the normal tissue (ie, marrow). Importantly, not only the low-oxygen condition of the osteoblastic niche but also the niche-specific HSC characteristics (ie, CaR, N-cadherin, Bcrp, p21, and Notch1) were studied to functionally enrich and isolate such quiescent niche HSCs. Considering successive serial transplantations, during which these cells were experiencing a low-oxygen environment in vivo and reoxygenation ex vivo several times, the low-oxygenic milieu would not be the only factor contributing to maintain HSC self-renewal ( Figure 3B ). This is supported by differences in protein and gene analysis that are specific for the HSCs in the osteoblastic niche ( Figure 2 ) and the cell adhesion to the osteoblastic niche components ( Figure 3C) . Therefore, the difference in stem-cell function within the 2 populations we observed remain even after the ex vivo oxygen exposure during the experiments.
One of the cyclin-dependent kinase inhibitors, p16Ink4a, is expressed at higher levels in the ROS high cells than in the ROS low cells ( Figure 2B ). However, levels of cyclin-dependent kinase inhibitor 1a (p21) and tumor suppressor p53 were higher in the ROS low cells (Figure 2B,C) . In the ROS low population enriched for long-term self-renewing cells, the role of p21 seems to maintain the quiescence, 37 and the low level of p53 may have more to do with antioxidant function and decreasing the intracellular ROS level. 35 Since hematopoietic exhaustion has been reported to be accelerated in the absence of p21 in irradiated hosts, 46 the lower level of p21 in the ROS high population ( Figure 2C ) might affect the exhaustion of HSCs in serial transplant recipients ( Figure 3A,B) . In the ROS high population, p16Ink4a might act as the ROS regulatory protein, as well as decrease the repopulating activity of HSCs, 28 rather than act as a cell-cycle inhibitor. It is also possible that the cell-cycle parameters of each population are determined by many other proteins in addition to p21 and p16Ink4a. Our results support the different roles played by cell cycle-related proteins in different cell types, even within multiple HSCs of varying ages and potentials for proliferation and differentiation.
Notch signaling has been implicated in the maintenance of undifferentiated HSCs. 47 Disruption of this pathway causes accumulation of ROS in activated T cells. 48 We observed higher expression of Notch1 in the ROS low HSCs, suggesting that Notch signaling may also play a role in maintaining this primitive HSC population. Whether Notch signaling is responsible for maintaining low ROS level in bone marrow cells has, however, not yet been investigated.
We observed that the exposure of the marrow cell populations to compounds that inhibit p38, promote antioxidant activity, or inhibit the mTOR were effective in restoring HSC function in the ROS high population (Figures 2A,4) . The results of the p38 inhibitor and antioxidant compounds are consistent with the analysis of Atm knockout mice in which the ROS-p38 pathway contributed to exhaustion of the stem-cell population. 26 ROS have also been known to activate the PI3K-Akt-mTOR pathway; this is preventable by rapamycin. 49 The different LTC-IC activity observed in the ROS low and ROS high populations is likely the result of signaling events that require both pathways mediated by p38 MAPK and mTOR, since blocking either one of them eliminates the difference ( Figure 4B ). In addition, blocking p38 further enhances LTC-ICs in both ROS low and ROS high populations, suggesting an additional function of p38 MAPK, independent of mTOR, which involves the HSC self-renewal activity. Although in vitro HSC self-renewal function was almost fully corrected with the NAC treatment ( Figure 4B ), the level of ROS in marrow cells and phosphorylated p38 MAPK, and mTOR activity in vivo, were only partially restored ( Figure 4C,D) . This may reflect the presence of an in vivo inhibitory mechanism(s) against the effects of NAC on ROS-p38 MAPK or ROS-mTOR pathways. In our study, the ROS high population contained more mTOR and phosphorylated p38 ϩ cells ( Figure 4A ), and this activation might occur only at the stem-cell level. 26 If so, the restoration of HSC function by treatment with those inhibitors might also occur at the HSC level, not at the level of later hematopoietic progenitors ( Figure 4B ). Importantly, functional alteration of ROS high cells by antioxidant, p38 inhibitor, or rapamycin indicates that in certain cases of bone marrow failure or cancers that are accompanied by increased oxidative stress, these drugs or cellular therapy using a ROS low stem-cell population may have therapeutic potentials. It will be important to determine if our stem-cell selection can be adapted to the purification of human marrow and thereby establish a novel functional isolation method for human HSCs.
In summary, we provide a new approach to functionally isolate primitive HSCs that are capable of more durable long-term self-renewal. These ROS low cells have a number of characteristics of quiescent HSCs that might be located in the osteoblastic niche, including long-term serial-repopulating activity, less cycling, and expression of CaR, N-cadherin, Notch1, p21, p53, Bcrp, and TERT. Remarkably, a p38 inhibitor, rapamycin, and antioxidant compounds can rescue the ROSinduced stem-cell dysfunction (ie, loss of self-renewal) in the ROS high population, which showed higher expressions of p38 and mTOR and decreased adherence to the osteoblastic niche matrix components. This suggests that intracellular ROS levels and the related signal transduction pathways, together with specific characteristics that define the osteoblastic niche, are responsible for long-term self-renewal as well as activation, proliferation, and differentiation of HSCs. Some components of these pathways and the functionally selected niche HSC subsets may serve as potential targets for beneficial therapies for human diseases, especially many hematologic malignancies.
